ABSTRACT. Sediment loads from gully erosion contribute to water quality problems, reduction in crop productivity by removal of nutrient-rich topsoil, and damage to downstream ecosystems. The identification of areas with high potential for
evaluating the effect of conservation practices. Estimating areas that have a high probability of forming gully channels can be accomplished through spatial estimation of stream power from topographic information, which is widely available digitally (Wilson and Gallant, 2000) . This provides an efficient and time-saving approach in developing gully characteristics at field and watershed-scales due to the difficulty of collecting the necessary parameters required for conservation management evaluation technology.
Topography has been recognized as a key factor controlling surface runoff, subsurface water movement, and the spatial distribution of zones of different moisture content and saturation, but topography is not the only factor influencing gully channel initiation (Moore et al., 1988) . Once erosion begins, one of the most important factors affecting sediment transport is the potential energy of overland flow, often described in terms of potential energy dissipation per unit weight of water, or, more simply, unit stream power (Moore and Burch, 1986) . Unit stream power is a function of discharge, slope, and channel width (Thorne et al., 1984) . The use of drainage area as a surrogate for discharge as related to sediment transport capacity is common (Mitasova et al., 1996) . Terrain slope is also often used in hydrological studies as the gradient for overland flow velocity (Moore et al., 1991) . Consequently, drainage area multiplied by slope provides a proxy parameter for local stream power. This approach justifies the inclusion of both slope and drainage area in methods to estimate locations susceptible to channel initiation (Moore et al., 1988; Montgomery and Dietrich, 1992) . The terrain curvature perpendicular to aspect (direction of highest change in slope) is referred to as planform curvature (Zevenbergen and Thorne, 1987) and represents the degree of convergence (concave) or divergence (convex) of the terrain. A converging profile concentrates flow, accelerates flow velocity, and implies a high rate of potential energy dissipation (Moore and Burch, 1986; Mitasova et al., 1996) . Thorne et al. (1986) developed a methodology by which proxy stream power estimates (compound topographic index, CTI) are derived from digital topographic information in the form of slope, upstream drainage area, and planform curvature. The resulting CTI can be computed for each DEM raster grid cell and has been integrated into a geographical information systems (GIS) interface for use in agricultural watershed modeling tools (Momm et al., 2012; Bingner et al., 2010) . The CTI is used to identify areas where gullies have high probability to form, including their most downstream locations.
Attributes can be computed from topographic representations such as point elevation, contour lines, raster grids, or triangular irregular network, with raster grid formats providing a widely used file format for hydrological applications. The quality of any analysis of topographic information depends on the quality of the digital elevation model (DEM) representation. DEM accuracy is a function of the spatial distribution of the original elevation data points, the interpolation method, and the selection of the raster grid cell size used to produce the DEM (Kienzle, 2004) . The sampling interval and interpolation method both influence DEM accuracy (Aguilar et al., 2005; Ziadat, 2007) . The relationship of raster grid cell size and topographic attributes devoted to hydrologic application has been extensively investigated. Zhang and Montgomery (1994) described how cumulative distributions of local slope (S), drainage area (A), and wetness index (ln(A/S)), are affected by varying raster grid resolutions through analysis of two catchments with different relief characteristics. Slope was more influenced by resolution at locations with higher gradients and yielded lower average slope values as the raster grid resolution decreased. Average drainage area values increased as DEM resolution decreased, and average wetness index values increased as DEM resolution increased. These findings agree with the work of Kienzle (2004) for slope and wetness index. Kienzle (2004) also studied the effect of DEM resolution on profile and planform curvature and described an underestimation of these attributes as DEM raster grid cell size increased, prompting an underestimation of convergence and divergence areas.
In this study, the effect of overall terrain slope, local relief variance, and raster grid cell size on CTI values and cumulative distribution is investigated using both theoretical and observed catchment methodology. The theoretical analysis uses stochastic procedures of twodimensional continuous random variables, or random fields (Isaaks and Srivastava, 1989) , to generate simulated catchments and therefore quantify the influence of overall terrain slope, local relief variance, and raster grid cell size, each considered individually. In the observed analysis, study sites describing three distinct agricultural catchment areas with measured gully channel locations and highresolution topographic information were selected to investigate the effect of overall terrain slope, relief variance, and raster grid cell size on CTI values. The findings from both analyses are discussed and reconciled in the Conclusions section.
MATERIALS AND METHODS

STUDY SITES
Three field-scale sites were selected for this study ( fig. 1a) . Site 1, referred to hereafter as KS, has an estimated drainage area of 6,969 m 2 and is located within the Cheney Lake watershed in Reno County, Kansas, which drains into Cheney Lake, the main source of drinking water for the city of Wichita, Kansas. Cheney Lake watershed has a total drainage area of 260,044 ha (642,584 acres) (Momm et al., 2012) , and the predominant land use in this watershed is agriculture (>73%) in the form of cropland and rangeland. The study site was first topographically surveyed in 2008, and the gully channel thalwegs were measured using total station surveying equipment. In a second visit to the KS site, in March 2010, the ephemeral gully area was surveyed using a Topcon GLS-1000 series LiDAR scanner, which has a 2 mm single-point accuracy distance (Topcon, 2011) . Although the soil was disturbed (i.e., tillage) between the first and second surveys, and slight differences in gully thalweg locations were observed, both gully channels were spatially very close to each other ( fig. 1a) . The second survey was composed of 11 individual LiDAR scans covering the extent of the gully channel, resulting in 945,668 laser points. From the high-resolution DEM generated from this survey, another channel thalweg location was determined ( fig. 1a) . The site was revisited a third time in November 2010, after the soil was disturbed with tillage. No gully was present at the time, and the entire site was surveyed using the same LiDAR scanner, producing 5,440,306 laser points from 17 independent scans. The survey conducted in November 2010 represented the entire contributing area of the gully investigated.
The second site, referred to hereafter as TR, has an estimated drainage area of 249,278 m 2 and is located at the USDA-ARS National Soil Tilth Laboratory Deep Loess Research Station near Treynor, Iowa (fig. 1b) . The TR site consists of slopes ranging from 2% to 4% at the ridges and valleys and from 12% to 16% for mid-slopes (Rachman et al., 2008) . DEMs for this site were generated from an airborne LiDAR survey performed in 2008, and the gully locations were obtained from Renard et al. (1997) . This watershed is composed of highly erodible soils (silt loam, fine-silty, and mixed) prone to forming gullies (Karlen et al., 2009; Rachman et al., 2008) .
The third site, referred to hereafter as MF, has an estimated drainage area of 49,498 m 2 and is located within the Yazoo River basin in northwestern Mississippi ( fig. 1c ) and was in continuous row crop cultivation. Producers have modified the field topography using laser-guided leveling and the installation of a drainage network in the form of ditches (Shields et al., 2011) . DEMs for this site were generated from an airborne LiDAR survey, and gully location was surveyed by total station equipment.
THEORETICAL EVALUATION
Generation of Simulated Catchments
The effect of terrain characteristics and DEM resolution on CTI values and distribution was investigated through the use of probabilistic random functions (Holt et al., 2003) . Two-dimensional regularly spaced grids (1024 rows × 1024 columns) were populated with simulated elevation residual values (deviations from local mean elevation) randomly generated using spectral and fast Fourier transform (FFT) methods ( fig. 2a) . Multiple independent realizations were performed using the microsecond part of the computer clock as seed for the random number generator. These generated values are influenced by the selected cumulative distribution function and the respective mean and variance values that describe the distribution. Two intermediate raster grids were generated by adding surface planes to the raster grid containing the elevation residual values: (1) adding two sloping inward planes fig. 2d ). Using standard topographic analysis tools, topographic attributes were calculated for the raster grid ( fig. 2e ). The variance describing the cumulative distribution and slope of the surface planes was used to describe local elevation variations (surface roughness) and overall catchment terrain slope, respectively.
The topographic survey from the KS measured field (i.e., "real world") was selected to examine observed elevation residual distributions due to the detailed topographic information generated from the terrestrialLiDAR survey. Intermediate raster grids were generated using moving average kernels of varying window sizes (5×5, 7×7, 9×9, 11×11, 13×13, 15×15, 17×17, 19×19, and 21×21 cell size) to filter the elevation raster grid. Elevation residual grids were obtained by subtracting the measured elevation grid from the intermediate filtered raster grids. For each window size, the elevation residuals were plotted against normal frequency of occurrence to observe the shape of the distribution. From this analysis, a bell-shaped cumulative distribution function ( fig. 3 ) was selected for use in the simulated catchment generation.
The influences of terrain roughness, terrain overall slope, and raster grid cell size on CTI values and distribution were evaluated individually. A set of simulated catchments was generated to evaluate each variable considered (table 1) . For the evaluation of the influence of terrain roughness on CTI, elevation residual raster grids were generated using constant mean and varying variance. For each variance value considered, 20 independent realizations were performed, resulting in a total of 200 elevation residual raster grids. A surface plane with slope of 0.05 m m -1 was combined with the elevation residuals in the generation of the final catchments used in this evaluation. The influence of overall terrain slope on CTI values was evaluated in a similar fashion. A set of ten elevation residual raster grids was generated using constant mean and variance values. These elevation residual grids were added to surface planes with varying overall slope values. This procedure yielded a total of 120 simulated catchments.
For the evaluation of the influence of raster grid size on CTI values, a slightly different procedure was investigated. Ten reference catchments were independently generated with constant mean and variance values and surface plane slope values (table 1). For each of the ten reference catchments, a set of points was randomly selected from the uniformly distributed grid and assigned the elevation value of the raster cell they fell into. Each set of points was interpolated into continuous raster grids having a factor resolution (1, 1/2, 1/4, 1/8, and 1/16) of the original resolution ( fig. 4) . A range of uniformly distributed random points between 500 and 2500 was tested; 1500 points was selected to be the balance value that yielded a manageable number of points while generating an interpolated raster grid that closely represented the original raster grid. For instance, an interpolated grid with a factor of 1 times the original resolution generated a raster grid that had the same spatial resolution as the original simulated catchment field of 1024 rows × 1024 columns, while a factor of 1/16 times the original resolution generated a raster grid with 64 rows × 64 columns for the same spatial extent. The continuous surfaces were generated using the piecewise cubic curvature-minimizing interpolation algorithm implemented in the Scientific Python library (Nielson, 1983; Renka and Cline, 1984) . Different interpolation algorithms could have been employed; however, the effect of various interpolation algorithms on DEM accuracy, and therefore on CTI values, is beyond the scope of this study. The interpolation method described here to obtain continuous raster grids from irregularly spaced spot points was chosen to better represent practical DEM raster grid generation (i.e., continuous grids from point clouds obtained using terrestrial LiDAR surveys) over the alternative method of resampling the raster grid with higher resolution into different lower-resolution raster grids. For each simulated catchment area, ten replications (random generation of spot locations for each resolution considered) were performed, yielding a total of 500 simulated catchment fields (10 random field realizations × 10 replications × 5 resolutions). [a] 120 [b] 500 [c] [a] 10 variance values (parameter 2) × 20 realizations (parameter 4). [b] 20 realizations (parameter 4)× 6 overall slope values (parameter 5).
[c] 10 realizations (parameter 4) × 10 sets of spot points (parameter 6) × 5 grid sizes (parameter 7). a b
Topographic Attributes
Preprocessing simulated catchment areas to generate the required topographic attributes for the CTI analysis was performed using the topographic parameterization (TOPAZ) computer program Martz, 1996, 1997) . Examples of topographic attributes include slope, aspect, flow direction, and flow accumulation. For each simulated catchment (simulated raster grid), TOPAZ was used twice. The primary objective of the first run was to obtain the catchment outlet location, while the second run was used to compute local slope, flow accumulation, flow direction, and catchment boundary.
In the first run, TOPAZ was run in reduced mode (DEM preprocessing only) to remove small imperfections in the data, such as filling small sinks to improve the subsequent determination of flow direction and flow accumulation raster grids. The resulting flow accumulation raster grid, from the first run, was used with an automated algorithm to determine the row and column of the raster grid cell representing the catchment outlet. The raster grid row representing the outlet of the catchment was fixed so that all catchments resulting from the hydrological analysis would have roughly the same size (except when the identified outlet location was a junction of two or more flow paths, causing the next downstream row to be used instead). No smoothing or resampling of the simulated raster grids was performed.
The second run of the TOPAZ computer program was used to compute local slope, flow accumulation, flow direction, and catchment boundary. The contributing area was computed using the flow accumulation grid and the raster grid cell size. Planform curvature raster grids were generated using the method described by Zevenbergen and Thorne (1987) , and the CTI raster grids were calculated according to Thorne et al. (1986) by:
where A is upstream drainage area (m 2 ), S is the local slope (m m -1 ), and PLANC the planform curvature (1/100 m).
Normalization of CTI Distribution
Only the resulting positive CTI values were considered as possible locations for gully initiation, since negative values are the result of negative planform curvature (ridges). The set of positive CTI values exhibited, roughly, a log-normal distribution shape, but variations in topographic characteristics (relief variance, overall slope, and DEM resolution) yielded distinct distributions. In an attempt to standardize different distributions and to provide for easier comparison between catchments, each distribution was normalized using:
where μ and σ are the mean and variance of log 10 (CTI) values, respectively. 
x
OBSERVED CATCHMENT EVALUATIONS Topographic Representation
Raster grids for the three observed study sites (KS, TR, and MF) were generated at varying raster grid cell sizes of 1, 2, 4, and 8 m by interpolating point clouds using the inverse distance weighted algorithm (de Berg et al., 2000) , implemented in the LP360 software package (QCoherent, 2011) , that considers ten nearest neighbors and a power of 2. Table 2 lists descriptive statistics for the three study sites. Minimum elevation, maximum elevation, average elevation, and average nearest neighbor distance were computed from the point clouds, while the standard deviation of elevation residuals and average overall slope were determined from the 1 m interpolated raster grid. The standard deviation of elevation residuals was computed using the Daubechies 2D discrete wavelet decomposition method, available in the discrete wavelet transform in Python (PyWavelets, 2011). Overall slopes were calculated over multiple cross-sections at different orientations and then averaged.
Identification of Critical CTI Values
Measured gully channel thalweg locations were used as reference datasets to evaluate the effectiveness of using CTI as a proxy for unit stream power in mapping locations prone to gully initiation. For each site and for each raster grid resolution considered, raster grids containing the distance of the cell to the closest location of the channel thalweg were generated ( fig. 5 ). Field observations at the KS study site indicated that the gully main channel forms at slightly different locations each season based on furrow alignment. A buffer distance of 5 m in either direction from the measured channel thalweg was defined as the buffer zone. The distance raster grid was then used to assign a class to each predicted location as either in agreement with or not in agreement with measured gully information. If the distance of the predicted location was less than the buffer zone (5 m), the predicted location was assigned to the inside class (in agreement with). Otherwise, the predicted location was assigned to the outside class (not in agreement with).
Maps of positive CTI values (negative values were excluded) were generated and clipped to the catchment area boundaries. The positive values were then sorted from smallest to largest and summarized by calculating the cumulative distribution function. Binary maps were then created through a process that assigned 1 to values greater than the user-defined threshold, and zero otherwise. The raster grid cells with values of 1 were then further classified into inside or outside based on comparison with the gully channel buffer zone. An iterative procedure varying the user-defined threshold was used to identify the critical CTI value (user-defined threshold) that would maximize the number of points located within the buffer zone (assigned inside) while minimizing the occurrence of raster grid cells outside the buffer zone (assigned outside). The number of inside and outside assigned raster grid cells was recorded, and the proportion of difference between the number of inside (N inside ) and outside (N outside ) points was computed using:
The entire procedure was repeated for each cumulative percentage threshold by adding 0.01% to the previous cumulative percentage threshold until either no points were identified or the value of 100% was reached. An example of the proportion of difference between inside and outside points for the KS site at a 1 m raster grid cell size is shown in figure 6 . The critical CTI value was defined as the point on the curve with the highest number of points above CTI threshold (i.e., peak value). 
RESULTS AND DISCUSSION
THEORETICAL EVALUATION
Simulated watersheds provided the necessary information for analyses that isolated and led to evaluations of various individual topographic characteristics. Varying the variance describing the distribution used in the random field procedure, as a proxy for relief variance or terrain roughness, indicated a small variation in contributing area at the outlet ( fig. 7a) . Analysis of the top 0.1% of CTI values revealed a steady increase in average CTI values as the terrain becomes rougher ( fig. 7d) . A 10-fold increase in terrain roughness resulted in a 7.5-fold increase in the average top 0.1% CTI values. This can be partially attributed to the influence of relief variance on local slope ( fig. 7b) and planform curvature (fig. 7c) . Rougher terrains will, on average, yield higher local slope values and change the planform curvature distribution. Similarly, varying the overall watershed slope had little effect on the drainage area at the outlet ( fig. 8a ) and increased the local slope ( fig. 8b ) (as reported by Zhang and Montgomery, 1994) , planform curvature ( fig. 8c) , and top 0.1% CTI values ( fig. 8d ). Changes were more pronounced when varying raster grid cell sizes ( fig. 9) . As raster grid cell size increased, local slopes ( fig. 9b ) and planform curvature ( fig. 9c ) decreased, matching similar findings by Kienzle (2004) and Zhang and Montgomery (1994 vary over many orders of magnitude, limiting comparisons between different studies and leading to lack of standardization. The effect of topographic characteristics and raster grid cell size on CTI values was also observed in cumulative distribution function plots ( fig. 10 ). The logarithm of cumulative frequency of CTI values indicated that an increase in terrain variance caused a shift of the cumulative distribution curves while maintaining relative slope. This can be verified by changes in median CTI values from 1.6 (random field variance of 0.05) to 2.210 (random field variance of 0.5), while the interquartile range remained constant at approximately 1.1 ( fig. 10a) . Conversely, as the catchment overall slope increased, the cumulative distribution changed in both mean and variance (curve shift and slope change). Median CTI values ranged from 1.3 to 2.2, and the interquartile range varied from 1.1 to 1.6, for simulated catchments with overall slopes of 0.01 and 0.25 m m -1 , respectively ( fig. 10c ). In addition to changes in mean and variance, the variation in raster grid cell size also introduced changes to the shape of the overall cumulative distribution curve of the logarithm CTI ( figs. 10g and 10h) . Results suggest that simulated interpolated catchments changed the cumulative distribution curve shape from a normal distribution to a tri-modal distribution. Different interpolation techniques were evaluated, and similar changes in histogram shape were observed. The multimodal distribution was more accentuated for the higherresolution raster grids than for lower-resolution raster grids.
The effects of random field variance and overall terrain slope on CTI distribution was significantly reduced (figs. 10b and 10d) by normalizing CTI using log base 10, the mean, and standard deviation (eq. 2). The effect of DEM resolution on CTI distribution was reduced to a lesser extent as different resolutions yielded different distribution shapes ( fig. 10f ). Normalized CTI cumulative distribution curves of the random field variance investigation yielded median values ranging from 0.02 (random field variance of 0.05) to 0.05 (random field variance of 0.5) and interquartile range values of approximately 0.88. Similarly, the distribution analysis for overall slope variation using normalized CTI values generated median values ranging from 0.0047 to -0.0953 and interquartile range values of 0.87 to 1.23 for the cases with overall slopes of 0.01 and 0.25 m m -1 , respectively.
OBSERVED CATCHMENT EVALUATION
The three observed watersheds have distinct topographic characteristics in terms of relief variance, overall slope, and drainage area size. Analysis of the effect of variations in DEM spatial resolution on CTI values indicated similar findings as the theoretical investigation. As the raster grid cell size increased, small variations in drainage area at the catchment outlet were observed ( fig. 11a ). Average local slopes decreased ( fig. 11b) , and average planform curvature increased toward zero ( fig. 11c ), indicating that DEMs generated at higher raster grid sizes have a limited ability to detect topographic variations smaller than the raster grid cell size. This reduced ability to capture small topographic changes was also reflected in the average top CTI values, which, similar to the simulated datasets, demonstrated a reverse power function behavior ( fig. 11d ).
Comparisons of cumulative distribution functions for the three observed sites at different resolutions are depicted in figure 12 . Similar to the simulated results, CTI cumulative values for higher-resolution grids tended to have multimodal logarithmic distributions, while lower resolutions were closer to log-normal distributions ( fig. 12 , first column). This effect was more pronounced for the observed KS field. Normalization of these distributions was more effective in merging different distribution curves at lower resolutions (4 and 8 m), resembling the theoretical investigation.
Identification of critical CTI values based on measured gully channel locations revealed a wide range of possible values ( 
CONCLUSIONS
The objectives of this study were to describe the effect of different topographic characteristics on CTI distribution and to evaluate normalization procedures for CTI values to support improved identification of watershed zones prone to ephemeral gully initiation. Results indicate that CTI values and their corresponding distributions are both influenced by topographic characteristics (terrain variance and overall slope) and raster grid cell size in different ways. Increases in relief variance (a proxy descriptor of surface roughness) and overall catchment slope both tend to yield higher CTI values in response to variations in local slope and planform curvature. Normalization of cumulative distribution functions of log 10 (CTI) for positive CTI values produced matching distribution curves when relief variance and overall slope varied. This finding may be seen as a possible alternative for investigations of large watersheds with more than one topographic characteristic, which are traditionally addressed by identifying a critical CTI value for each topographic characteristic. The normalization procedure had a lesser effect on variations in raster grid cell sizes, as the overall distribution shape was different at multiple raster grid cell sizes. However, the normalization procedure improved comparisons between different sites with distinct drainage area sizes and topographic characteristics.
The determination of critical CTI n values through comparison to measured gully thalweg yielded unique values as resolution and fields varied. Discrepancies in critical CTI n values in the same catchment field due to changes in raster grid cell size were significantly reduced when compared to the original CTI values, although not fully eliminated. This may be attributed to the inherent limitations of the raster grid representation at lower resolutions acting as smoothing filters, leading to reduced topographic information. Critical CTI n values for different fields represented at the same DEM raster grid cell size also differed. This may be attributed to differences in physical properties other than topographic, as the occurrence of gullies depends on a wide range of physical (soil properties, precipitation pattern, etc.) and management practices in addition to topographic parameters.
Understanding the effect of topographic characteristics and DEM raster grid cell size on critical CTI values is essential for developing automated techniques to locate gully initiation points that can be used in technologies to assess the effect of conservation practices in agricultural watersheds. Results indicate that the proposed normalization method reduced the influence of topographic characteristics on critical CTI n values, allowing for comparisons between sites represented at similar spatial resolution. These findings suggest that a normalized critical CTI between 1 and 2 could be used for the identification of areas with high potential for gully initiation, supporting targeted conservation and mitigation efforts to promote sustainable agriculture. Future investigations into methodologies using the stream power concept (based on topographic attributes to identify areas prone to gully initiation) should focus on improved topographic representation and incorporation of soil properties into the decision-making process. Improved surveying techniques using airborne and ground LiDAR generate irregularly spaced point clouds with uneven distribution of points. Interpolation of these point clouds into regular grids introduces uncertainty and reduces topographic information in areas with a high point density, but does not add additional information in areas with low point density. A possible alternative for the uneven distribution of points would be the development of technology to represent and process topographic information using irregular grids, such as triangular irregular networks. Furthermore, gully initiation is driven by a combination of different physical features, in which soil characteristics play an important role. The incorporation of soil properties in the determination of critical CTI values should improve the overall accuracy of the procedure, as different soils respond differently to erosion based on their physical characteristics.
